The r e s u l t s a r e presented from t h r e e experiments, a s w e l l a s a number o f molecular dynamics and quantum mechanics c a lc u l a t i o n s , which c a s t i n s e r i o u s doubt t h e v a l i d i t y o f some concepts and t h e o r i e s o f detonation. This doubt l e d t o numerous s t u d i e s i n s e a r c h o f more s a t i s f y i n g concepts, and t h e q u i t e s u r p r i s i n g r e s u l t s o f s e v e r a l o f those s t u d i e s a r e given. P a r t i c u l a r l y , a new concept o f t h e k i n e t i c s o f shockinduced chemical r e a c t i o n i s presented. T h i s process, designated as physical k i n e t i c s , i s described as a nonequilibrium, nonthermal process i n which chemical r e a c t i o n r a t e s a r e d e t e rmined and r e g u l a t e d by t h e averaged v i b r a t i o n a l v e l o c i t i e s o f t h e bonded atoms i n condensed systems under t h e i n f l u e n c e o f high v e l o c i t y shock waves. These v e l o c i t i e s l i m i t t h e advance o f t h e k i n e t i c energy which l e a d s t o t h e very high impact v e lo c i t i e s o f t h e atoms and molecules which cause massive bond f r a c t u r e i n t h e molecules i n extremely s h o r t times. The majori t y o f t h e f r e e atoms and r a
erous s t u d i e s i n s e a r c h o f more s a t i s f y i n g concepts, and t h e q u i t e s u r p r i s i n g r e s u l t s o f s e v e r a l o f those s t u d i e s a r e given. P a r t i c u l a r l y , a new concept o f t h e k i n e t i c s o f shockinduced chemical r e a c t i o n i s presented. T h i s process, designated as physical k i n e t i c s , i s described as a nonequilibrium, nonthermal process i n which chemical r e a c t i o n r a t e s a r e d e t e rmined and r e g u l a t e d by t h e averaged v i b r a t i o n a l v e l o c i t i e s o f t h e bonded atoms i n condensed systems under t h e i n f l u e n c e o f high v e l o c i t y shock waves. These v e l o c i t i e s l i m i t t h e advance o f t h e k i n e t i c energy which l e a d s t o t h e very high impact v e lo c i t i e s o f t h e atoms and molecules which cause massive bond f r a c t u r e i n t h e molecules i n extremely s h o r t times. The majori t y o f t h e f r e e atoms and r a d i c a l s and o t h e r h i g h l y a c t i v a t e d s p e c i e s formed t h e n r e a c t i n v e r y s h o r t times (10-14 t o s ) , o f t e n i n chain r e a c t i o n s , t o provide t h e chemical energy which maintains t h e enormous l e v e l o f k i n e t i c energy a t t h e detonat i o n f r o n t . These high l e v e l s ensure t h a t many r e a c t i o n pathways a r e available--not only those with t h e lower a c t i v a t i o n e n e r g i e s o r b a r r i e r p o t e n t i a l s . I t i s i n t h i s regime o f t h e detonation process t h a t t h e more normal chemistry begins and t h e n continues i n o t h e r subsequent r e a c t i o n s t o produce t h e a d i a b a t i c expansion f o r c e s and t h e f i n a l product mixtures. I t i s shown t h a t t h i s d e t o n a t i o n model based on t h e new k i n e t i c s model, with t h e major i n i t i a l r e a c t i o n s occurring i n times o f t h e o r d e r o f t e n t h s o f picoseconds and i n d i s t a n c e s on t h e o r d e r o f t e n s o f angstroms--in t h e shock o r d e t o n a t i o n f r o n t --can provide a p r e c i s e and s a t i s f y i n g mathematical and p h y s i c a l d e s c r i p t i o n o f d e t o n a t i o n phenomena.
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INTRODUCTION
There a r e a number o f experiments and c a l c u l a t i o n s from molecular dynamics, MD, and quantum mechanics, QM, which c a s t i n s e r i o u s doubt t h e v a l i d i t y o f what have been c a l l e d t h e c l a s s i c a l concepts and t h e o r i e s o f d e t o n a t i o n . (Ref. 1) Presented h e r e a r e a new concept o f k i n e t i c s (~e f . 2 ) , a p p l i c a b l e p a r t i c u l a r l y t o shock-induced chemical r e a c t i o n s , b u t a l s o i n many o t h e r v e r y f a s t r e a c t i o n s , and a v e r y d i f f e re
n t t h e o r y of d e t o n a t i o n , w i t h a s i m p l e r r a t i o n a l e t h a t c o n t r i bu t e s t o t h e confidence i n and t h e u t i l i t y o f i t s a p p l i c a t i o n . The p r i n c i p a l elementary p h y s i c a l p r i n c i p l e s used a s t h e b a s i s f o r t h e k i n e t i c s a r e t h e Hugoniot r e l a t i o n s h i p (P-Po =~U~U , ) , a concept o f t h e momentum t r a n s f e r o f t h e shock energy, and a c o n s i d e r a t i o n o f t h e e f f i c a c y o f t h e k i n e t i c energy o f t h e atoms and molecules i n a shock f r o n t i n t h e mechanical f r a c t u r e o f c o v a l e n t bonds i n extremely s h o r t times. I t w i l l be shown t h a t a d e t o n a t i o n model based on t h i s k i n e t i c s model, w i t h t h e major i n i t i a l r e a c t i o n s o c c u r r i n g i n times o f t h e o r d e r o f t e n t h s o f picoseconds and i n d i s t a n c e s on t h e o r d e r o f t e n s o f angstroms--
i n t h e shock o r d e t o n a t i o n f r o n t , c a n provide a p r e c i s e and s a t i s f y i n g mathematical and p h y s i c a l d e s c r i p t i o n o f d e t o n a t i o n phenomena. P a r t i c u l a r l y , s t r o n g phenomenological evidence and d a t a w i l l be p r e s e n t e d s u p p o r t i n g t h e p r o p o s a l s t h a t t h e k i n e t i c energy from t h e shock f o r c e s , w i t h t h e a d d i t i o n i n a few t e n t h s o f a p s o f a l a r g e f r a c t i o n o f t h e a v a i l a b l e chemical energy t o t h e atoms i n and n e a r t h e f r o n t , can f r a c t u r e s e r i a l l y a major p o r t i o n o f t h e c o v a l e n t bonds of a n explosive. The d e t o n a t i o n v e l o c i t y can now be c a l c u l a t e d from t h e weight-averaged shock v e l o c i t i e s o f t h e component elements of t h e explosive. T h i s method o f c a l c u l a t i o n demonstrates t h a t a minimal c o n t r i b u t i o n t o t h e d e t o n a t i o n v e l o c i t y i s made by e q u i l i b r i u m thermal proc e s s e s o r thermodynamic f a c t o r s , and t h a t a key f a c t o r i s simply t h e Hugoniot r e l a t i o n s h i p (shock v e l o c i t y v e r s u s p r e s s u r e ) o f t h e elements o f t h e e m p i r i c a l formulae o f t h e e x p l o s i v e s .
BACKGROUND
The microscopic d e t a i l s o f t h e chemical and p h y s i c a l phenomena by which a few grams o f a seemingly q u i e s c e n t and s t a b l e organic m a t e r i a l can be converted i n one o r two microseconds i n t o a mainly gaseous product, a t temperatures o f 2500-5000 K and p r e s s u r e s up t o n e a r l y 400,000 atmospheres, have eluded explosives s c i e n t i s t s f o r more t h a n a century. I t w i l l be shown h e r e i n t h a t two v e r y simple empirical equations and one o t h e r physically-meaningful equation can provide v a l u e s o f d e t o n a t i o n v e l o c i t i e s a s w e l l a s o r b e t t e r t h a n complex computer codes (Ref. 3 ) , and t h a t t h e new p h y s i c a l k i n e t i c s provides a r a t i o n a l explanation o f t h e microscopic d e t a i l s o f t h e phenomena.
If we review t h e d a t a on 1 4 commonly-used explosives, we f i n d t h e y have, a s measured and c a l c u l a t e d , detonation p r e s s u r e s , Pd, covering a range o f 13.0 t o 39.0 GPa and detonation v e l o c it i e s , D , from about 6 . 3 2 t o 9.11 km/s. It i s s e e n now t h a t a t h r e e -f o l d i n c r e a s e i n Pd i n c r e a s e d D by only LCw. I t i s import a n t t o consider a l s o t h a t a v e l o c i t y o f 9.11 km/s i s a l s o 9.11 angstroms/10-13 s. T h i s means t h a t t h e atoms i n t h e detonation f r o n t a r e being a c c e l e r a t e d by momentum t r a n s f e r on a p s time s c a l e t o e n e r g i e s n e a r 5 eV, and t h e f r o n t i s c r o s s i n g t h e cov a l e n t bonds o f t h e s e organic compounds i n one t o a few v i b r at i o n periods. T h i s i n d i c a t e s t h a t t h e r e i s s u f f i c i e n t energy t o break most o f t h e bonds i n t h e explosives molecules t o provide many r e a c t i o n pathway o p t i o n s , * n o t simply t h e ones with t h e lowest energy b a r r i e r s o r a c t i v a t i o n e n e r g i e s , and t h a t t h i s f r a c t u r e can occur i n time s c a l e s n e a r s. (Ref.
)
Experiments and molecular dynamics c a l c u l a t i o n s (Ref. 1) g i v e s t r o n g evidence t h a t t h e width o f t h e shock f r o n t i s on t h e o r d e r o f 50 angstroms, with a r i s e time i n t h e p s range. *This c o n s i d e r a t i o n a l s o provides a r a t i o n a l e f o r low veloc i t y detonation i n a n explosive i n i t i a t e d a t a lower shock p r e ss u r e , a s w e l l a s f o r t h e i n c r e a s e i n D f o r nitromethane w i t h diethylenetriamine. I t i s f e a s i b l e t h a t a s t a b l e r e a c t i o n regime could be e s t a b l i s h e d w i t h l e s s massive bond f r a c t u r e , l e a d i n g t o a lower l e v e l of chemical r e a c t i o n i n and n e a r t h e detonation f r o n t and t h u s a lower Pd and detonation v e l o c i t y .
The MD s t u d i e s f u r t h e r show t h a t a major (about 80%) p a r t o f t h e energy o f momentum t r a n s f e r i n t h e f r o n t , which begins t o flow i n t o t h e v i b r a t i o n a l component i n t h e molecular bonds i n a few femtoseconds, has r i s e n t o l e v e l s n e a r 4 eV i n about 80 f s . MD s t u d i e s a l s o show t h a t t h i s v i o l e n t energy f l u e n c e o r f l u x ( a b o u t 5 e~/ p s ) causes s c i s s i o n o f c o v a l e n t bonds by impact, compression o r s h e a r f o r c e s t o produce v e r y e n e r g e t i c f r e e atoms and r a d i c a l s i n e x c i t e d s t a t e s . (Ref. 1 , 2 , 3 ) I n a momentum t r a n s f e r i n v o l v i n g an N atom a t 8 km/s with 4.72 eV of k i n e t i c energy t o a s u r f a c e N-N couple with a bond s t r e n g t h o f 1 . 0 6 eV, t h e r e i s a high p r o b a b i l i t y t h e bond would be broken and t h e e x t e r i o r N atom would be g i v e n t r a n s l a t i o n a l energy o f about 3. 05% o f DETA. T h i s would n o t be explaina b l e w i t h t h e thermodynamic c o n c e p t s , b u t i t i s e a s i l y defended u n d e r t h e new t h e o r y p r e s e n t e d h e r e i n . I n f a c t , we proposed t h a t t h e DETA would provide NH r a d i c a l s and f r e e N and H atoms which could provide new c h a i n r e a c t i o n pathways t o i n c r e a s e t h e energy r e l e a s e r a t e . A c a l c u l a t i o n u s i n g t h e Skidmore-Hart e q u a t i o n ( R e f . 1) f o r o v e r d r i v e n d e t o n a t i o n s showed a probable v e r y high Pd o f about 1 9 GPa had been a t t a i n e d . Using t h e new e q u a t i o n g i v e n l a t e r (based o n l y on t h e elemental Hugoniots) f o r c a l c u l at i n g D ' s , we s e e t h a t t h e new D should have been n e a r 6.7 km/s f o r t h e NM with 0.05% DETA, a s we measured. (Ref. 1) DEFTNI TIONS Physical K i n e t i c s . I n detonations and some o t h e r v e r y f a s t and shock-induced r e a c t i o n s , t h e r a t e s o f r e a c t i o n a r e determined by t h e p h y s i c a l l i m i t a t i o n s o f t h e advance o f t h e a c t i v a t i n g energy o f bond f r a c t u r e through t h e r e a c t i n g materi a l s . T h i s i s e s s e n t i a l l y a nonthermal, nonequilibrium process r e l a t e d t o t h e shock v e l o c i t i e s , Us, o f t h e i n d i v i d u a l elements o f t h e r e a c t i v e m a t e r i a l s .
Detonation. The new d e t o n a t i o n t h e o r y , based on t h e conc e p t o f physical k i n e t i c s , i n c l u d e s t h e experimental and calcul a t i o n a l o b s e r v a t i o n s t h a t n e a r l y a l l o f t h e covalent bonds of t h e explosives molecules a r e broken o r rearranged w i t h i n t h e d e to n a t i o n shock f r o n t (about 20-100 angstroms) by impact, compress i o n and s h e a r f o r c e s , and t h
a t t h e m a j o r i t y o f t h e f r e e atoms and r a d i c a l s and o t h e r h i h l y a c t i v a t e d s p e c i e s formed t h e n r e a c t i n v e r y s h o r t times (lo-'' t o 10-12s) t o r e l e a s e chemical energy which maintains t h e enormous l e v e l s o f k i n e t i c energy a t t h e d e tonation f r o n t . Other subsequent more normal r e a c t i o n s provide t h e a d i a b a t i c expansion f o r c e s and t h e f i n a l product mixtures. Since t h e molecules a r e e s s e n t i a l l y broken down t o t h e i r elements i n t h e shock f r o n t , t h e d e t o n a t i o n v e l o c i t i e s a r e determined by t h e weight-averaged shock v e l o c i t i e s o f t h e elements o f t h e emp i r i c a l formulae. I t follows t h a t thermodynamics has o n l y a secondary r o l e , and t h e r e i s probably i n s u f f i c i e n t time i n t h i s i n i t i a l phase f o r t h e anharmonic coupling o f e x c i t e d phonon modes w i t h t h e low frequency molecular v i b r a t i o n s . N E W CONSIDERATIONS OF SHOCK V W C I T Y The b a s i c equation f o r shock v e l o c i t y c a l c u l a t i o n s i s t h e
Hugoniot r e l a t i o n s h i p , P-Po =Pusup, where P i s shock p r e s s u r e , Pis d e n s i t y , and Us and Up a r e shock and p a r t i c l e v e l o c i t y , r e s p e c t i v e l y . However, it appeared, from some information from MD c a l c u l a t i o n s , t h a t one might be a b l e t o c a l c u l a t e shock veloc i t i e s o f t h e condensed elements from simply t h e d a t a i n t h e p e r i o d i c chart--atomic weight, atomic r a d i u s and d e n s i t y .
S t u d i e s i n t h i s regard l e d t o t h e equation,
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where f ( P ) = (0.42P + 10 .3P2 + 12) f o r most o f t h e elements, and o n l y a s l i g h t l y modified f ( P ) g i v e s e x c e l l e n t r e s u l t s f o r t h o s e elements w i t h r e l a t i v e l y l a r g e atomic r a d i i . The a t t a i na b l e accuracy i s shown i n Fig The n e x t s t e p i n t h i s l i n e o f i n v e s t i g a t i o n w a s t o d e t e rmine i f t h e Hugoniots of organic compounds could be c a l c u l a t e d from t h e Us v e r s u s P information c a l c u l a t e d f o r t h e elements.
Again, a q u i t e simple equation w a s d e r i v e d , i n which Us, i s t h e shock v e l o c i t y o f t h e compound, t h e U s i v S a r e t h e shock v e l o c i t i e s of t h e elements o f t h e compound a t a given P , and t h e f i ' s a r e t h e weight f r a c t i o n s o f t h e elements obtained from t h e empirical formulae o f t h e compounds examined. (Ref. 7 ) T h i s equation a l s o g i v e s v e r y good r e s u l t s .
A Hugoniot "experiment" w a s conducted w i t h a s e r i e s of MD c a l c u l a t i o n s i n which t h e v e l o c i t y o f a n impacting p l a t e was i n c r e a s e d i n increments, and t h e r e s u l t a n t shock v e l o c i t i e s i n a r e p r e s e n t a t i v e covalently-bonded l a t t i c e were measured.
(Ref.
1) The shock v e l o c i t y v a l u e s obtained, u s i n g two covalent p o t e n t i a l s spanning t h e normal range found i n organic compounds, a r e given i n Fig. 2 somewhat s u r p r i s i n g and i n t e r e s t i n g c o r r e l a t i o n o f t h e s e r e s u l t s w i t h o t h e r shock phenomena i s given i n Fig. 3 
. Also given a r e t h e measured shock v e l o c i t i e s f o r a number o f organic p l a s t i c s and explosives. I t can be seen t h a t t h e MD c a l c u l a t i o n s compare favorably with t h e data. T h i s f a c t adds confidence t o t h e MD s t u d y o f shock processes.
It was determined t h a t t h e average r e l a t i v e v i b r a t i o n a l v e l o c i t i e s , A R V V ' s , o f t h e covalent atomic p a i r s (C-H, N-H, 0-H,
' where it i s seen t h a t a l l o f t h e d e t o n a t i o n v e l o c i t i e s l i e i n t h e cross-hatched a r e a which i n c l u d e s t h e shock v e l o c i t i e s and t h e ARW's o f t h e C-H, 0-H, and N-H couples. (Ref. 9)
To o b t a i n more p r e c i s e v a l u e s o f t h e ARW's, a s e r i e s o f QM c a l c u l a t i o n s o f t h e v a l u e s f o r 1 0 s e l e c t e d atom p a i r s found i n o r g a n i c e x p l o s i v e s was c a l c u l a t e d u s i n g t h e l e a s t -s q u a r e s f i t o f t h e diatomic p o t e n t i a l s t o H u l b e r t -H i r s c h f e l d e r f u n c t i o n s . (Ref. 1 0 ) The p l o t o f t h e s e v a l u e s v e r s u s energy l e v e l s f o r t h e 1 0 atom p a i r s i s g i v e n as Fig. 4 . The c a l c u l a t i o n s show v a l u e s o f t h e ARW's comparable t o t h o s e c a l c u l a t e d from t h e i n f r a r e d and x-ray c r y s t a l l o g r a p h i c d a t a . These v a l u e s a l l correspond c l o s e l y t o t h e shock v e l o c i t i e s we c a l c u l a t e d f o r t h e C , N , 0 elements and p a i r s w i t h H and f o r t h e o r g a n i c compounds examined. These c o n s i d e r a t i o n s w i l l be shown t o be key f a c t o r s i n t h e new k i n e t i c s and d e t o n a t i o n c o n c e p t s .
KINETICS DISCUSSION I n 1975, Henry Eyring (Ref. 11) showed t h a t t h e o r d i n a r y
concepts o f chemical k i n e t i c s must be modified s i g n i f i c a n t l y t o e x p l a i n observed r e a c t i o n r a t e s i n some shocked hydrocarbons and e x p l o s i v e s . He proposed a concept which he d e s i g n a t e d a s " s t a rv a t i o n k i n e t i c s " t o help e x p l a i n why t h e high temperature (more t h a n 1200 K ) decomposition o f t h e d i f f e r e n t m a t e r i a l s i n h i s s t u d i e s had n e a r l y t h e same r e a c t i o n r a t e , even though t h e low temperature ( l e s s t h a n 500 K ) r a t e s were r a t i o n a l , d i f f e r e n t from each o t h e r , and d e s c r i b e d q u i t e w e l l by Arrhenius p r i n c i p l e s . I f t h e decomposition i s assumed t o obey f i r s t -o r d e r k i n e t i c s , t h e n t h e l o g a r i t h m s o f t h e r a t e c o n s t a n t s a t high temperature f o r a l l t h e m a t e r i a l s Eyring s t u d i e d were n e a r l y equal and i n t h e r a t h e r narrow range o f 5.5 t o 6.5.
Even when one makes t h e obvious comments t h a t f i r s t -o r d e r k i n e t i c s i s probably n o t t h e o n l y o r d e r involved and t h a t both
decomposition mechanisms and r a t e s probably would change s i g n i f ic a n t l y o v e r such a wide range o f t e m p e r a t u r e s , t h i s should i n no way l e a d t o t h e c o n c l u s i o n t h a t a l l o f t h e h i g h temperature r a t e s p r e s e n t e d ( s e e Fig. 5 ) should be n e a r l y equal n o r should t h e y be approximately e q u a l t o f i r s t -o r d e r Arrhenius r a t e c o n s t a n t l o g a r i t h m s o f 5.5 t o 6.5. However, i n t h e concept o f p h y s i c a l k i n e t i c s , and w i t h r e f e r e n c e t o t h e o b s e r v a t i o n s and c a l c u l at i o n s o f shock v e l o c i t i e s and t h e ARW's, t h e s e r a t e s should be about equal, and t h e y should c o i n c i d e with p s e u d o -f i r s t -o r d e r Arrhenius r a t e s , as measured and observed. The r a t e s f o r t h e d e t o n a t i o n r e a c t i o n s f a l l i n t h i s range. (Ref.
)
The a l t e r n a t i v e k i n e t i c s concept presented h e r e i n i s t h a t t h e r e i s a p h y s i c a l r e g u l a t o r o f t h e r a t e o f t r a n s f e r o f t h e decomposition energy ( p r i n c i p a l l y , t h e atomic v i b r a t i o n a l energy) from one molecule t o t h e a d j o i n i n g molecules o r from one v i b r at i n g bond
E a r l y i n d i c a t o r s f o r t h e requirement f o r a new k i n e t i c s hypothesis were t h e s e two observations: ( 1 ) Shock and detonation waves a r e moving p a s t t h e atoms i n condensed m a t e r i a l s on t h e same time s c a l e s a s t h e v i b r a t i o n a l frequencies o f t h e organic bonds; and ( 2 ) t h e r e i s enough energy i n a moderate shock f r o n t (about 7 GPa) t o mechanically f r a c t u r e a C-N o r N-0 bond i n a r e p r e s e n t a t i v e chemical explosive, RDX (hexahydro-1,3,5-trinitro-1 . 3 . 5 -t r i a z i n e ) . (~e f s 3,121 The nominal energy o f a C-N bond i n RDX i s 0.37 aJ (10-185), and f o r a n N-N bond it i s 0.17 aJ.
The k i n e t i c energy o f a n 0 atom o r a n N atom moving a t 8 km/s would be 0.86 a J o r 0.76 a J , r e s p e c t i v e l y . Thus, through momemturn t r a n s f e r t h e impact o f an 0 o r a n N atom o f t h e s e e n e r g i e s on a n e x t e r i o r C-N o r N-N couple could mechanically f r a c t u r e t h e A curve r e p r e s e n t i n g a 10% i n c r e a s e t o t h e shock v e l o c i t i e s o f t h e none x p l o s i v e elements and compounds was added t o t h e graph t o comp e n s a t e f o r t h e h i g h e r temperature i n d e t o n a t i o n , and a l l of t h e e x p l o s i v e s , except NM which i s o n l y s l i g h t l y o u t s i d e , a r e included w i t h i n t h i s parameter. ( R e f s . 2 , 1 3 ) Thus, i t appears t h a t any thermodynamic f a c t o r s can have only a minimal e f f e c t i n d e t e rmining d e t o n a t i o n v e l o c i t i e s .
The chemistry immediately following t h e i n i t i a l bond f r a ct u r e ( a b o u t 10-13 t o 10-I' s ) i s extremely important. By adding s o u r c e s o f new f r e e r a d i c a l s and t h u s new r e a c t i o n c h a i n s , t h e r a t e o f energy r e l e a s e can be i n c r e a s e d , and h i g h e r p r e s s u r e s can be a t t
a i n e d . T h i s can l e a d t o h i g h e r d e t o n a t i o n v e l o c i t i e s and t o s m a l l e r c r i t i c a l d i a m e t e r s , a s s e e n i n t h e NM-DETA e x p e r iments. I t has been demonstrated t h a t v e r y low l e v e l s o f a d d i t i v e
( l e s s t h a n 0.1%) have l a r g e e f f e c t s . ( R e f s . 5 , 1 3 , 1 4 , 1 5 ) Fig. 7 . This explosive was chosen f o r t h i s experiment, because i t appeared t h a t t h e CO and C02 molecules expected a s d e t o n a t i o n products were a l r e a d y formed, and t h e i s o t o p i c l a b e l s would be found i n t h e CO and C02 products. 
The a d d i t i d n o f 0.08% DETA t o NM-acetone mixtures y i e l d s a decrease o f 80% o f t h e mean c e l l s i z e i n t h e d e t o n a t i o n . Addit i o n o f 0.1% DETA i n c r e a s e d t h e acceptable d i l u t i o n f o r detona-
MASSIVE BOND FRACTURE The BTNEA Experiment. A homogeneous i d e a l explosive, b i st r i n i t r o e t h y l a d i p a t e (BTNEA) was synthesized with i s o t o p i c l a b e l s (c13 and 018) i n t r o d u c e d i n t o t h e p o s i t i o n s i n d i c a t e d i n
. The s t r u c t u r e o f b i s -t r i n i t r o e t h y l a d i p a t e . The a s t e r i s k s i n d i c a t e carbon atoms o f i s o t o p e 13 and oxygen atoms o f i s o t o p e 18.
The explosive was detonated i n a bomb c a l o r i m e t e r i n which t h e products were c o l l e c t e d and t h e n analyzed f o r t h e i s o t o p i c r a t i o s . (Ref. 16) The experimental r e s u l t s , i n Table 1 , show t h a t t h e r a t i o s o f c12/c13 and 016/oi8 a r e e s s e n t i a l l y t h e same f o r a l l o f t h e product s p e c i e s c o n t a i n i n g C and/or 0 , and t h e y a r e n e a r l y equal t o t h e i s o t o p i c r a t i o s i n t h e i n i t i a l BTNEA sample. The a n a l y t i c a l v a l u e s o f t h e r a t i o s were s a i d t o be w e l l w i t h i n t h e experimental e r r o r o f t h e determination. The conclusion t h a t i s obvious i s t h a t almost every covalent bond w a s broken, t h e a t o w were scrambled, and t h e y were randomly combined i n t o t h e d e t o n a t i o n products. Quoting from t h e paper, "We must conclude t h a t , i n t h e case o f t h e homogeneous i d e a l e x p l o s i v e , a l l o f t h e bonds o f t h e o r i g i n a l explosive molecule a r e , i n e f f e c t , broken d u r i n g t h e detonation process. These molecular fragments t h e n must recombine i n a s t a t i s t i c a l l y random fashion p r i o r t o t h e k i n e t i c " f r e e z e out" of products during t h e a d i a b a t i c expansion. C e r t a i n l y , d i f f u s i o n on a molecular
l e v e l cannot be a n i n p o r t a n t r a t e c o n t r o l l i n g process." (Ref. 1 6 ) Comparative r e s u l t s o f massive f r a c t u r e o f covalent bonds i n and n e a r a shock f r o n t i n simulated organic m a t r i c e s have been observed i n t h e MD c a l c u l a t i o n s of many workers and i n o u r s t u d i e s . (See Refs. 1,9,10,17,18-21) I n many o t h e r experimental Data and information reported from r e a c t i o n dynamics experiments appear t o c o r r e l a t e very w e l l with d a t a and calcul a t i o n s from t h e study o f detonation. The development o f femtosecond l a s e r s and t h e i r combination i n experimental systems with t h e molecular beam technique, f o r monitoring energy s t a t e s immediately before and a f t e r a chemical r e a c t i o n , have provided a n e f f e c t i v e method f o r observing t h e t r a n s i e n t s t a t e , TS, i n a r e a c t
i o n a s it forms and d i v i d e s i n t o products. (Refs. 26-28)
The r e s u l t s of r e a c t i o n dynamics, RD, s t u d i e s o f a system i n which a van d e r Waals molecule, IH"'OC0, undergoes W photoly s i s which a c c e l e r a t e s t h e H atom t o about 20 km/s toward t h e OCO 
molecule, t h u s forming t h e TS, show t h e appearance o f a n OH s i g n a l i n about 5 t o 15 picoseconds a f t e r t h e deconvolution o f t h e TS. I n a n o t h e r experiment involving t h e decomposition o f I C N , i t was reported t h a t t h e TS has a l i f e t i m e o f about 200 f s and a t r a n s l a t i o n a l v e l o c i t y o f about 2 km/s. This shows t h a t t h i s TS e x i s t s f o r about f o u r v i b r a t i o n s of t h e I C -N bond, and t h a t t h e I C N molecule r o t a t e s about o n l y 7O during t h i s period. The energy r e p o r t e d t o be a v a i l a b l e f o r t h i s r e a c t i o n i s about 0.87 eV, o r n e a r 7000 cm-l. (Refs. 27,28) T h i s experimentally-derived information appears t o be d ir e c t l y r e l a t e d t o d a t a and c a l c u l a t i o n s (MD and QM) seen i n t h e study o f detonation (and i n i t i a t i o n ) of chemical explosives. There appear t o be many fundamental c o r r e l a t i o n s i n t h e s e two chemical physics regimes--molecular and atomic v e l o c i t i e s i n km/s and r e a c t i o n t i m e s i n t h e p s range. (See Ref. 3 )
CALCULATION OF DETONATION VELOCITIES From t h e foregoing d a t a and d i s c u s s i o n we can now p r e s e n t t h e perceived s i m p l i c i t y o f t h i s t h e o r y o f detonation. For more t h a n 100 years s c i e n t i s t s around t h e world have s t r u g g l e d t o o b t a i n o r d e r i v e equations, computer programs, s o p h i s t i c a t e d t h e o r i e s , and e r u d i t e and e x o t i c e q u a t i o n s -o f -s t a t e , EOS, t o use t o c a l c u l a t e a c c u r a t e l y d e t o n a t i o n v e l o c i t i e s . This has been
accomplished, but i n a n o f t e n complex and complicated manner, w i t h l a r g e computer codes.
Following a r e t h r e e amazingly simple equations t h a t a r e used s u c c e s s f u l l y t o c a l c u l a t e d e t o n a t i o n v e l o c i t i e s with a high degree o f accuracy. (~e f s . 1 , 7 , 2 9 ) The r e s u l t s from t h e second and t h i r d show c o r r e l a t i o n c o e f f i c i e n t s with l a r g e s e t s of d a t a o f 0.971 and 0.954, r e s p e c t i v e l y . For s e t s i n v o l v i n g t h e explos i v e s which a r e b e s t c h a r a c t e r i z e d , t h e c o e f f i c i e n t s a r e 0.991 and 0.976.
Eq. 3 was developed a l g e b r a i c a l l y from two empirical equat i o n s derived before 1969 t o c a l c u l a t e d e t o n a t i o n p r e s s u r e s and v e l o c i t i e s . (Refs. 1 , 3 0 ) The u s e o f t h i s very elementary equation provided some evidence t h a t d e t o n a t i o n v e l o c i t y w a s a r a t h e r weak f u n c t i o n o f p r e s s u r e and t h a t d e t o n a t i o n was probably a
much l e s s complicated p r o c e s s t h a n had been believed. Eq, 4 was developed from o b s e r v a t i o n s o f t h e r e s u l t s from Eq. 3 .
S p e c i f i c a l l y , it was e a s i l y seen t h a t t h e aromatic molecules had about 0.25 km/s lower D ' s f o r given P d ' s , which could r ef l e c t t h e a d d i t i o n a l energy r e q u i r e d t o break up t h e aromatic r i n g s and some o f t h e more complex molecular s t r u c t u r e s .
A d d i t i o n a l l y , compounds with r e l a t i v e l y h i g h e r H and N content appeared t o have s l i g h t l y h i g h e r D ' s .
C a l c u l a t i o n s with Eq. 4 showed e x c e l l e n t c o r r e l a t i o n s t o a r e simply t h e shock v e l o c i t i e s o f t h e elements o f t h e empiric a l formula o f a n explosive a t Pd and t h e weight f r a c t i o n o f each element, r e s p e c t i v e l y . The e x c e l l e n t c o r r e l a t i o n t o t h e d a t a obtained with Eq. 5 (See Table 2 ) i s a v a l i d a t i o n o f t h e concepts presented e a r l i e r i n t h i s paper, which a r e summarized below r 1. Physical k i n e t i c s a p p l i e s i n determining D.* 2 . Shock v e l o c i t i e s o f t h e component elements a r e key f a c t o r s .
Tc i s a small (about 2 t o 6%) c o r r e c t i o n t o t h e shock v e l o c i t y based on t h e f a c t t h a t t h e temperatures of d e t o n a t i o n a r e much h i g h e r t h a n t h o s e a t which Hugoniot
The k i n e t i c energy i n t h e d e t o n a t i o n f r o n t l e a d s t o
massive f r a c t u r e o f t h e covalent bonds i n and n e a r t h e f r o n t , by impact, compression and shea.r.
Thus, thermodynamics, e x c i t e d atomic and molecular s t a t e s , t h e t r a n s f e r o f energy from shock produced phonons t o t h e i n t e r n a l v i b r a t i o n s of t h e molecules, e l e c t r o n i c t r a n s i t i o n s , and some o t h e r o f t e n considered f a c t o r s , although c e r t a i n l y involved a t some l e v e l , have a r e l a t i v e l y minor i n f l u e n c e on d e t o n a t i o n v e l o c i t y .
I f t h e molecules were n o t broken i n t o t h e i r component atoms a t o r v e r y n e a r t h e f r o n t , Eq. 5 probably would n o t r e p r e s e n t a r a t i o n a l concept, and it i s h i g h l y improbable t h a t it would prov i d e any c o r r e c t c a l c u l a t i o n s o f D--certainly n o t a s e t o f 47 w i t h a c o r r e l a t i o n c o e f f i c i e n t o f 0.954.
*There may be some i n t r i n s i c r e g u l a t i o n o f d e t o n a t i o n v e l o c it i e s i n v o l v i n g v e l o c i t i e s o f impact o f atomic and molecular s p e c i e s , o r i e n t q t i o n o f impacted molecules o r bonded c o u p l e s , and resonance r e l a t i o n s h i p s between impact v e l o c i t y and v i b r at i o n a l frequency o f impacted molecular bonds, b u t t h e s e f a c t o r s do n o t appear t o be r e q u i r e d c o n s i d e r a t i o n s f o r t h e d e t o n a t i o n v e l o c i t y determination.
Additionally, i n a more recent r e p o r t (Ref. 31), a n explos i v e designated a s E25 (75% P E T N /~~% p a r a f f i n ) a t a d e n s i t y of 1.265 d c m 3 has a measured D o f 7.230 km/s, whereas pure PETN ( p e n t a e r y t h r i t o l t e t r a n i t r a t e ) a t t h e same d e n s i t y has a measured D o f 6.60 km/s. Using t h e thermodynamic codes, E25 showed a c a l c u l a t e d D o f 6.20 km/s.
However, t h e c a l c u l a t i o n with Eq. 5 gave a value o f 7.267 km/s, w i t h i n 0.51% o f t h e measured value. T h i s i s well w i t h i n t h e p r e c i s i o n o f D measurements. The c l a s si c a l theory c a l c u l a t i o n missed t h e measured value by -14.24%. The a u t h o r o f t h e paper who reported t h e E25 d a t a (Ref. 31) s t a t e d t h a t , "All equations-0.f-state a v a i l a b l e t o u s cannot reproduce t h e s e r e s u l t s . " This r e l a t i v e l y recent observation i s compelling support f o r t h e concepts described herein.
ADDITIONAL CONSIDERATIONS Analysis o f a s e t o f d a t a on; t h e shock i n i t i a t i o n o f PBX-9404 (an HMX-based, plastic-bonded explosive) l e d t o t h e d e r i v a t i o n of t h e c r i t i c a l energy fluence equation which prov i d e s t h e c r i t e r i a f o r t h e shock i n i t i a t i o n o f explosives. T h i s equation is:
where t i s t h e time-width o f an i n i t i a t i n g shock o f v e l o c i t y Us providing a p r e s s u r e P i n t h e shocked explosive. The i n i t i a l Another i n t e r e s t i n g f a c t o r appears i n o u r work and t h e work of A.N, Dremin. (Refs. 9, 35) The one-dimensional t r a n s l a t i o n a l "temperature" of t h e atoms i n t h e shock f r o n t o f a nominal 5 GPa shock i s c a l c u l a t e d t o be g r e a t e r t h a t 12,000 K, and f o r N and 0 atoms, a c c e l e r a t e d by momentum t r a n s f e r i n t h e d e t o n a t i o n f r o n t t o 8 km/s, t h e s e t r a n s l a t i o n a l pseudo-temperatures would be about 20.,000 K o r h i g h e r .
For many y e a r s , s i n c e a t l e a s t 1974, we have mzintained t h a t t h e v e r y high l e v e l s of k i n e t i c energy i n t h e d e t o n a t i o n f r o n t provide l e v e l s o f impact, compression, and s h e a r f o r c e s s u f f i c i e n t t o cause mechanical f r a c t u r e o f a major p o r t i o n o f t h e covalent bonds. (Refs. 1, 2, 3, 12, 36, 37) Much r e c e n t work i n molecular mechanics, p a r t i c u l a r l y by J. Gilman (Ref. 39) prov i d e s a q u a n t i t a t i v e mathematical and chemical d e s c r i p t i o n o f t h e mechanical (nonthermal) bond f r a c t u r e mechanisms, which may a p p l y i n shock-induced r e a c t i o n s and detonation.
W e have proposed t h a t t h e chemistry immediately following t h e i n i t i a l bond f r a c t u r e {about 1 0~~3 t o 10-12 s ) i s extremely important. By adding sources o f new f r e e r a d i c a l s , and t h u s new r e a c t i o n c h a i n s , t h e r a t e s o f energy r e l e a s e could be i n c r e a s e d and h i g h e r r e a c t i o n p r e s s u r e s could be a t t a i n e d . This (2') That t h e exceedingly high k i n e t i c energy i n t h e d e t o n a t i o n f r o n t i s s u f f i c i e n t t o cause massive f r a c t u r e of t h e c o v a l e n t bonds o f t h e molecules o f t h e explosives a t and n e a r t h e f r o n t , so t h a t t h e l a r g e m a j o r i t y o f t h e molecules a r e broken t o i n d iv i d u a l atoms o r r a d i c a l s and rearranged e x t e n s i v e l y , and t h a t t h e subsequent v e r y r a p i d chemistry can be influenced by t h e a d d i t i o n i n t h e e x p l o s i v e s o f chemicals providing enhancing o r i n h i b i t i n g r e a c t i o n s o r o t h e r chemicals which could i n f l u e n c e s e n s i t i v i t y . 4 4 4 4 4 4 4 4 P P P P P P P P O o0 \ <40bv&"9&k cBs0&b$ggg4 P P P P P P p P
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/-YX> P P P P P P P P Snapshot from a rilnulrliot, or a dc~onatisr~ film. The lmgth or t k syslefn slna*wt~ is =z SOA. . Molecular dynamics c a l c u l a t i o n w i t h T e r s o f f -l i k e p o t e n t i a l s used t o simulate t h e d e t o n a t i o n o f a n e n e r g e t i c two dimensional s e m i -i n f i n i t e molecular s o l i d . Nelson : a comment to Dremin You are correct that femtosecond spectroscopy of real shocked materials will be impossible if it requires synchronization of light pulses with shock loading at femtosecond accuracy. But other methods are possible. For example, Yogi Gupta has suggested femtosecond pump-probe spectroscopy of a material with a shock wave passing through it. For example there is a narrow zone of endothermic reaction products they could be detected and characterized. Dana Dlott has taken a different approach, building very small spatial structures into the sample to permit a kind of synchronization which could be done on subpicosecond time scales Delpuech -Dlott : a comment :
F.E.
A complement about a remark of Dr Dlott. The value of the temperature considerated in the proposition of excited state is not an average value. Is the value that we can obtain, at the molecular scale, in the crossing under energy loading, of dislocations in the crystal ? In this case this value is compatible with few electron-volts. Of course at the begining we have excited states only in localised zones and not in the bulk of the explosive. The question is not how the phonons give the energy of the shock at the molecule, but how an excited molecule gives with the phonon its energy to the other molecules in order to obtain a cooperative mode of decomposition.
Boris -Dlott :
Q : What are the effects of energy transport from the sea of excited phonons into the hot spot ? Can this focusing of energy enhance the sensitivity enough to account for observed explosive behavior?
A : Mechanical energy must flow to the hot spots in order for them to overheat. In unpublished work by us, we found the transport of energy to a hot spot by acoustic phonons did not have a substantial effect, although this work is not complete. One interesting effect we have discussed in our J.Chem.Phys. article involved hot spots formed in small grains of material. The (extensive) heat capacity of small grains is limited, so hot spots cannot become as hot. This led to our prediction of size effects in defect-assisted shock-induced chemistry.
Odiot -Dlott :
Q : I should agree with your model if you could explain to me how a shock may excite phonons through Gruneisen parameter in such a non equilibrium state of a shocked material.
A : The Griineisen parameter r = Ci yici / Ci ci where yi are mode griineisen parameters and ci are mode heat capacities. Upon a change in volume, the change of a mode's internal energy Ei is proportional to yi = -dln Ei / dln v. For phonons, yi is typically lo2 bigger than for vibrations.
Thus the initial transfer of energy from a shock is principally to the phonons.
Ramsay -Dlott :
Q : Can your model of phonon pumping around a discontinuity (bubble) be compared with the data available in the pictures presented by Dr Presles on monday ? A : I don't know.
Rullikre -Dlott :
Q : You showed multi steps absorption of phonons to reach vibrational excited state. Are the lifetimes of involved vibration and the probability to meet a phonon compatible to get a high probability for this process to occur efficiently ? A : In diatomic molecules, energy transfer from phonons to vibrations (multiphonon up-pumping) is quite inefficient. It involves a high-order anharmonic process with simultaneous absorption of n-phonons (e.g. n>20 for N2) In large molecules, up-pumping involves a lower-order process where n = 3-4. This lower-order process is much more efficient. Up-pumping occurs by a sequence of manv of these lower order steps. For example, it is possible for a larger molecule to absorb thousands of cm-l on a 100 ps scale.
